Background: Xenon has been shown to be neuroprotective in several models of in vitro and in vivo neuronal injury. However, its putative neuroprotective properties have not been evaluated in focal cerebral ischemia. The purpose of this study was to determine if xenon offers neuroprotection in a mouse model of middle cerebral artery occlusion.
THE inert gas xenon has several properties that make it an ideal anesthetic gas, including a relatively safe cardiovascular profile (similar to or better than conventional anesthetics) and advantageous pharmacokinetic and pharmacodynamic properties compared with most other gaseous agents. A growing body of clinical and laboratory data characterize xenon as a gaseous anesthetic drug with analgesic effects, possessing a fast induction and recovery of anesthesia coupled with uncompromised hemodynamic properties. [1] [2] [3] In addition, its environmentally friendly characteristics make it an attractive option for inhalational anesthesia. 4 It does, how-ever, have some disadvantages, particularly its higher cost, which has limited its development for clinical use.
Although the precise molecular mechanisms by which inhalational anesthetics produce general anesthesia are not known, it has been shown that hypnotic drugs work by activating inhibitory and/or blocking excitatory pathways. 5 Xenon has been shown to act via inhibiting the glutamatergic N-methyl-D-aspartate (NMDA) receptor. 6 -8 It is also thought that through the inhibition of this excitatory pathway, xenon exerts neuroprotective effects. Previous in vitro and in vivo models have shown some putative neuroprotective effects, 9 but the effect of xenon on both functional and histologic outcome after reversible focal cerebral ischemia is unknown. We hypothesized that xenon would attenuate histologic injury and improve functional neurologic outcome after transient middle cerebral artery occlusion in the mouse.
Materials and Methods
The Duke University Animal Care and Use Committee approved the study, and all procedures met the National Institutes of Health's guidelines for animal care outlined in the Guide for the Care and Use of Laboratory Animals (Health and Human Services, NIH Publication No. 86-23, revised 1996) .
Xenon-delivery System
To conserve xenon, we used a closed-loop ventilation system custom-designed for this protocol. This system consisted of a 5-l gas reservoir bag into which oxygen, xenon, nitrogen, and N 2 O could be mixed. In addition to having in-line gas analyzers, the reservoir emptied into a pump that supplied the ventilator (Harvard® rodent ventilator model 683; Harvard Apparatus, Holliston, MA) with fresh gas flow. The exhaled gas was then recirculated through a carbon dioxide absorber (Sodasorb; W.R. Grace Co., Atlanta, GA). An additional parallel open circuit permitted a rapid change to allow for the use of conventional isoflurane anesthesia during the surgical preparation.
Surgical Procedures
Male C57BL/6 mice (8 weeks of age; body weight, 20 -25 g; Jackson Laboratories, Bar Harbor, ME) were housed in a temperature-controlled environment with artificial light/dark cycle (12 h) and fasted overnight but allowed free access to water before experiments. The animals were anesthetized in a chamber with 3% isoflurane in 50% O 2 (balance nitrogen). The trachea was intubated (20G catheter) and the lungs were mechanically ventilated (tidal volume, 7 ml/kg; respiratory rate, 80 breaths/min). A needle thermistor was inserted below the left temporal muscle adjacent to the skull and temperature was servo-controlled to 37.0 Ϯ 0.1°C using an infrared lamp and heating pad. Via a cervical neck incision, the left external jugular vein was cannulated allowing for a continuous infusion of fentanyl and intermittent infusion of vecuronium. Similarly, the right femoral artery was cannulated for continuous mean arterial pressure (MAP) monitoring.
The right carotid artery was surgically prepared for middle cerebral artery occlusion. Specifically, it was dissected and its branches (common carotid artery, internal and external carotid branches) were identified and isolated with suture. The external carotid artery was occluded and ligated remote from its origin and the proximal end was temporarily occluded with a microsurgical aneurysm temporary clip to allow subsequent intraluminal filament insertion. Isoflurane was then discontinued and a continuous fentanyl infusion was begun (bolus injection of 50 g/kg and followed by 50 g·kg Ϫ1 ·h Ϫ1 ). After establishing in unparalyzed pilot experiments that the animals did not exhibit escape behavior in response to noxious stimuli while using a similar anesthetic regimen, vecuronium was administered (0.1 mg/kg intravenous, repeated after 30 min) and the closed-loop gas delivery system was then initiated.
The animals were then randomized into three different anesthetic groups: 70% xenon ϩ 30% O 2 , 70% N 2 O ϩ 30% O 2 , and 35% xenon ϩ 35% N 2 O ϩ 30% O 2. After 15 min of equilibration, middle cerebral artery occlusion was initiated by insertion of a 6-0 nylon monofilament, blunted at the tip in a flame and then lightly coated with silicone, through the external carotid artery stump into the circle of Willis thereby occluding the origin of the middle cerebral artery. 10 An arterial blood sample was collected 30 min into the ischemic period for blood gas analysis. Because of the known confounding effect on cerebral blood flow of PCO 2 in this model, any animal that had an arterial blood gas that was out of range for PCO 2 (38 -42 mmHg) was excluded a priori from any further analysis. After 60 min of middle cerebral artery occlusion, the filament was withdrawn and reperfusion began. Following topical administration of 1% lidocaine (0.1 ml), the catheters were removed, the vessels were ligated, and incisions were sutured closed. Anesthesia was then discontinued. On recovery of spontaneous ventilation, the tracheas were extubated and animals were recovered in individual cages enriched with 50% oxygen and a controlled environmental temperature (28.5-29.0°C).
Neurologic Evaluation
After 24 h, an observer blinded to group assignment evaluated the animals using three different neurologic assessment scales. The animal was observed for spontaneous activity and quantified by a four-point neurologic score (0 ϭ normal behavior, 1 ϭ deficit to extend the left forelimb, 2 ϭ circling to the right, 3 ϭ falling to the right, 4 ϭ impossible to walk). 10 General and focal neurologic examinations were individually graded using 28point scales, with a higher score corresponding to a greater severity of deficit. 11 The general neurologic deficit scale comprised observing the hair (0 -2), ears (0 -2), eyes (0 -4), posture (0 -4), spontaneous activity (0 -4), and "epileptic" behavior (0 -12) (see Appendix). The focal neurologic deficit scale was based on observations of: body symmetry (0 -4), gait (0 -4), circling behavior (0 -4), climbing a 45°slope platform (0 -4), forelimb symmetry (0 -4), compulsory circling of forelimbs (0 -4), and whisker response (0 -4) (see Appendix).
Histology
After neurologic evaluation, the animals were reanesthetized with 5% isoflurane and euthanized via decapitation. The brain was immediately removed, immersed in methylbutane, frozen at Ϫ35°C, and sectioned. The infarct volume was measured using a previously published method. 10 Briefly, coronal sections (20-m thick) were made and four sequential slices were collected and slidemounted. The next 18 sections were discarded and a new four-slice cycle was initiated. The process began with the most rostral slice where the cerebral infarct was evident and continued throughout the extent of the infarct. The sections (eight or nine per animal) were stained with hematoxylin and eosin and digitized (1289 ϫ 960 matrix of 210-m 2 pixel units) using an image-analysis system (M2 Turnkey System; Imaging Research, Inc., St. Catharine's, Ontario, Canada). The infarct boundaries were separately delineated for the cortical and subcortical structures by an observer blinded to group assignment. Infarct volumes (mm 3 ) were computed as running sums of infarct area multiplied by the known interval (e.g., 320 m) between sections over the extent of the infarct expressed as an orthogonal projection.
Statistical Analysis
Statistical analysis was performed using Statview Software, version 5 (SAS Institute, Cary, NC). Results are expressed as mean Ϯ SD or the median [interquartile range], as appropriate. Physiologic values and brain infarct volumes were compared among groups using analysis of variance followed by the Scheffé test for post hoc analysis when indicated by a significant F ratio. Neurologic scores were compared using the Kruskal-Wallis followed by the Mann-Whitney U tests, as appropriate. Statistical significance was considered when P Ͻ 0.05.
Results
After excluding three to five animals in each group because of unphysiologic arterial blood gas variables, 21 animals completed the experimental protocol in each of the three groups. Physiologic values are presented in table 1. Although modest MAP differences were present among groups before and after ischemia, there were no differences among groups during ischemia. There were no among-group differences in arterial pH, PaCO 2 , and PaO 2 . Blood glucose concentrations were higher in both xenon groups compared with the 70% N 2 O group, although values were similar for the two xenon groups (table 1) .
Twenty-four hours after reperfusion, the functional performance on two of the three indices of neurologic scoring used was better in the animals anesthetized with 70% xenon compared with those in the 70% N 2 O group, with the third nearly significantly different (P ϭ 0.0675) (table 2). The 35% xenon ϩ 35% N 2 O group had an intermediate outcome (table 2) . With respect to the histologic analyses, both xenon groups showed a significantly lower total cerebral infarct volume compared with the 70% N 2 O group, which was largely attributable to a significantly smaller cortical infarct in the xenon groups ( fig. 1 ).
Discussion
Xenon was first used as an anesthetic agent in the late 1940s. 12 Its unique properties, including a low blood-gas partition coefficient and inert characteristics with the absence of substantial side effects, make xenon an attractive anesthetic drug. 2 In recent years, in vitro evidence points to NMDA receptor antagonism as its principal mechanism for producing anesthesia. 8 This particular anesthetic mechanism also highlights a potential neuroprotective role for this drug whereby excessive activation of the glutamate receptor is central to mediating ischemia-related neuronal injury. Recently, both in vitro and in vivo experiments evidence showing neuroprotection from xenon have been published. 9 In addition, we have administered xenon to rats undergoing cardiopulmonary bypass (where cognitive dysfunction is common) and have similarly shown a neurologic benefit. 13 In the current study, 70% xenon decreased total infarct volume and improved neurologic outcome after transient focal cerebral ischemia in mice when compared with 70% N 2 O, whereas 35% xenon had an intermediate effect.
Filament occlusion of the middle cerebral artery in mice is a well-established experimental model of focal ischemia. 14 -16 The assessment of brain injury after temporary middle cerebral artery occlusion has been previously validated using animal behavior and histology, 16 with a close association between functional neurologic outcome and the volume of brain infarction. 17 One of the strengths of our study was that three different scoring systems were used to define functional outcome. Two of the three scoring systems showed improved scores in the animals anesthetized with 70% xenon, with the third trending toward improvement (P ϭ 0.0627). Although neurologic scores were not significantly improved in the 35% xenon group, numerically the values were intermediate between the 70% xenon and 70% N 2 O groups, suggesting a dose-dependent effect of neuroprotective efficacy.
Xenon has a minimum alveolar concentration in rats of 160%. This is similar to the minimum alveolar concentration for N 2 O in mice, which is estimated to be 150%. 3, 4 In this protocol, xenon was administered at 70% in our experimental conditions and at 35% in combination with N 2 O. Therefore, all three groups were maintained at similar levels of anesthetic depth. Differences in outcome, therefore, are unlikely to be attributable to variations in minimum alveolar concentration among groups. Some physiologic differences were present among groups but, despite being statistically significant, these differences were unlikely to have influenced outcome. The 70% N 2 O group had a slightly higher MAP after ischemia. Postreperfusion blood pressure is an important determinant of infarct volume, with a lower blood pressure usually being associated with worsened out-come. 18 A higher MAP may result in improved cerebral blood flow and consequently contribute to salvage of penumbral tissue. The fact that the animals anesthetized with xenon had a lower MAP may have obscured some fraction of its potential neuroprotective potency had blood pressure been held equal among groups using pharmacologic support. Intraischemic blood glucose concentrations were higher (albeit within an otherwise normal range) in the xenon-anesthetized animals. It is well established that increased serum glucose levels (usually above 180 -200 mg/dl) 19, 20 are associated with worsened neurologic outcome after brain injury. In our experiment, the xenon-anesthetized animals, despite having higher intraischemic serum glucose levels than the 70% N 2 O group, had better neurologic scores and histologic outcomes. It is not clear why there were statistically significant, though arguably relatively minor, differences in blood pressure and glucose. One possible explanation is that xenon may have superior effects at blunting the stress response to surgery; however, this would only explain the lower blood pressure, not the slightly higher glucose levels. An alternative explanation concerning the higher MAP after ischemia in the 70% N 2 O group is that the MAP may have been increased because the cerebral infarcts were larger, resulting in a more "stressed" animal with higher catecholamine levels.
There are some limitations to this study. From a physiologic control perspective, we were limited (owing to blood volume concerns of repeated sampling) to a single blood gas assessment. Potentially, alterations in blood gases before or after one sampling time may have affected results. In addition, the 24-h functional and histologic assessment interval may not have captured the final outcome differences between groups. Others have shown that apparent differences in outcome observed at 24 h dissipate with longer observation intervals. The 24-h assessment period, however, has been routinely used for mouse focal ischemia experiments, principally because maintaining survival for longer intervals is difficult. 10,14 -16,21 The positive findings in the current study offer sufficient promise that long-term recovery studies in larger rodents or other species are warranted to test our findings. A final limitation is that we did not include a control, awake group of animals. It may be that the anesthetized state in all of our animals modulated outcome in a way that differences between groups may have been larger (or smaller) if a control nonanesthetized group had been included. The reason for the lack of an awake group related to the need for invasive pericranial temperature monitoring that would have not been tolerated in an awake animal. Including an appropriate temperature-controlled group (i.e., pericranial) in mouse ischemia models is not feasible because of the lack of available technology to implant a thermistor into the brain of the animal, as is done in rat ischemia mod- els, 22 thereby allowing a servo-controlled system to regulate brain temperature in the awake mouse.
Our experiment showed that xenon, alone or at a minimum alveolar concentration equivalent with N 2 O, reduces brain injury after transient focal ischemia. It is plausible that this neuroprotective effect was mediated by the known NMDA receptor antagonism produced by xenon. NMDA receptor antagonists have been repeatedly shown to reduce focal ischemic outcome, when brain temperature is regulated, if treatment occurs during, but not after, the ischemic insult. 23 Curiously, N 2 O has also been shown to provide NMDA receptor antagonism. 24 To our knowledge, the relative NMDA receptor antagonism potencies of xenon and N 2 O have not been compared. If the mechanism of in vivo xenon neuroprotection is indeed via the NMDA receptor, it seems that xenon may be a more potent NMDA receptor antagonist of the two gases.
Principally, the neuroprotective effect was most prominent in the cerebral cortex, with little effect in the subcortex. Regional differences in the density of NMDA receptors may partially account for the lack of a neuroprotective effect in the subcortex versus the cortex. If indeed xenon protects by antagonizing NMDA receptors, the cortex, which generally has a higher density of NMDA receptors, 25, 26 may be more susceptible to the effects of blocking these receptors. Another possible explanation for this differential cortical neuroprotection relates to differences in vascular distribution. The subcortex is supplied by an end artery (lenticulostriate) that when occluded by the filament results in a more dense ischemic period (i.e., no blood flow for delivery of a blood-borne neuroprotective agent), whereas the cortex receives potential collateral blood flow from vessels across a watershed zone and results in a more welldefined penumbra, which may be more easily protected by a pharmacologic intervention.
NMDA receptor antagonists have not achieved acceptance as clinical neuroprotective agents principally for two reasons. Most clinical scenarios require treatment after stroke evolution is well under way (e.g., patients admitted to the hospital with stroke), thereby exceeding the therapeutic window for this class of agents. However, because xenon could be administered intraoperatively, protection against intraoperative ischemic insults would be feasible. The second clinical limitation for NMDA receptor antagonists has been psychotomimetic adverse effects, which limit the doses administered to humans to levels that are subtherapeutic for neuroprotection. 27, 28 Because xenon is rapidly eliminated, it is plausible that administration at neuroprotective concentrations during surgery may not be associated with psychotomimetic side effects after emergence. 29 In summary, mice exposed to transient focal cerebral ischemia had reduced infarct size and improved neurologic outcome as a result of xenon anesthesia adminis-tered during the ischemic insult. Although these findings require considerable extension in other species and with longer-term recovery intervals to confirm the potential clinical relevance of our results, the current investigation, along with other recent encouraging results, 9, 12 warrant further investigation into the clinical potential of xenon as a neuroprotective agent. Table 3 presents the general deficits, and table 4 shows the focal deficits. 
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